Synthetic proteins designed and constructed from first principles with minimal reference to the sequence of any natural protein have proven robust and extraordinarily adaptable for engineering a range of functions. Here for the first time we describe the expression and genetic fusion of a natural photosynthetic light-harvesting subunit with a synthetic protein designed for light energy capture and multi-step transfer. We demonstrate excitation energy transfer from the bilin of the CpcA subunit (phycocyanin a subunit) of the cyanobacterial photosynthetic light-harvesting phycobilisome to synthetic four-helix-bundle proteins accommodating sites that specifically bind a variety of selected photoactive tetrapyrroles positioned to enhance energy transfer by relay. The examination of combinations of different bilin, chlorin and bacteriochlorin cofactors has led to identification of the preconditions for directing energy from the bilin light-harvesting antenna into synthetic protein-cofactor constructs that can be customized for light-activated chemistry in the cell.
Introduction
In nature, photosynthetic organisms use light-harvesting, antenna-protein complexes to capture and direct light energy to membrane-bound photosynthetic reaction centre proteins that initiate charge separation. Charge separation directed across the membrane drives cellular ion/metabolite transport and ATP generation and provides oxidoreductases with the oxidizing power to oxidize water and reducing power to fix CO 2 to fuel cellular metabolism. Successful practical reproduction and manipulation of this naturally green and sustainable, sun-driven train of events for the production of valuable chemicals and fuels remains a challenge. There are many approaches which aim to model or reproduce different component parts of natural photosynthesis for both fundamental and applied purposes. For antenna construction, natural proteins are often used as structural scaffolds on which to arrange alternative excitation-energy transfer (EET) pigments; typically, these pigments are maleimide coupled to exposed cysteines [1, 2] . This approach was used to couple bacteriochlorin BC1 to light-harvesting complex LH1 [3, 4] .
An alternative approach is to design functional proteins unrelated to naturally evolved proteins by applying first principles of protein folding [5] and of cofactor binding [6] to four-a-helical-bundle maquettes. These protein maquettes exploit the principle that a sequence of seven amino acids hydrogen bond to form two turns of an a-helix. Each amino acid heptad is patterned in a binary manner such that polar amino acids occupy one face of the helix and non-polar residues the other. By linking the amphiphilic helices with flexible, glycine-rich loops into a single chain, the chains spontaneously associate into a helical bundle with a non-polar core. By employing first principles of protein folding, instead of adopting complex sequences of natural proteins, maquette structures can be selected to be considerably more stable than most native proteins and remain folded even as temperatures approach 1008C. Typically, maquette structures are highly tolerant to extensive changes in amino acid sequence that generally preserve heptad binary patterning. Moreover, similar guidelines provide binding domains for a wide range of cofactors at selected locations on the exterior loop regions, and in the hydrophobic interior often secured by covalent attachments and coordinating amino acids [7] [8] [9] [10] [11] [12] [13] [14] . Maquettes are progressively engineered to desired structural and functional characteristics including EET and charge separation [5, 6, [8] [9] [10] 14] . Methods are being developed in parallel for cofactor self-assembly in vivo [8, 15, 16] .
The work presented here focuses on interfacing maquettes with water-soluble antenna pigment proteins found in cyanobacteria and red algae. These bilin-protein supramolecular complexes form approximately 50 nm wide protein assemblies called phycobilisomes that are docked on reaction centres ( photosystem I and II) located in the membrane [17] . Phycobilisomes comprise a range of largely a-helical protein subunits that covalently anchor a variety of bilin pigments, linear tetrapyrroles derived from haem, to the sulfur-containing amino acid cysteine at specific locations within the protein framework [17] . Depending on the extent of pi-conjugation in the natural bilins and the particular pigment conformation assumed upon binding to the biliprotein, bilins are tuned to have absorption maxima covering much of the visible spectrum. In particular, many bilins absorb in the green region complementary to the strong blue and red or near-infrared absorption bands of chlorophylls and bacteriochlorophylls. This leads to more efficient use of the solar spectrum in photosynthesis upon EET from the phycobilisome to the chlorophyll-containing reaction centre proteins [18] [19] [20] .
The ready expression of maquettes in Escherichia coli and other organisms has opened the door to genetic inclusions of functional synthetic proteins in cells. A recent study provided proof of principle to this possibility in demonstrating EET between a bilin in a truncated natural biliprotein subunit ApcEDelta and a Zn-tetrapyrrole in a fused two-a-helix maquette [21] . The work reported here develops an assembly comprising a complete natural bilin-binding protein subunit, CpcA, fused with a single-chain four-a-helix maquette. As shown in figure 1 , we examine CpcA expressed with two spectrally distinct bilin pigments ( phycoerythrobilin (PEB) and phycocyanobilin (PCB)) and maquettes accommodating high site selectivity for binding of multiple, spectrally distinct chlorins and bacteriochlorins at specific positions within the fusion framework designed to promote a combinatorial approach to pigment triad selection and EET relay design.
The novel fused maquette designs introduced here are developed to generate relatively high yields of in vivo bilin attachment and do not compromise the phycobiliprotein spectral/structural integrity. The fully assembled fusion protein promotes an effective three-pigment EET cascade. These are traits that are needed for future integration of novel maquettebased charge-separating photochemical assemblies that tap into the energy-harvesting phycobilisome antenna complex.
Results

CpcA: maquette fusion and cofactor assembly
Artificial/natural protein fusion supports a combinatorial assembly of chromophores covering the visible spectrum. The fused natural phycobiliprotein CpcA and synthetic four-ahelix maquette has three cofactor-binding sites, designated slots A, B and C (figure 1). The molecular model of figure 1a combines a CpcA crystal structure [22] (protein backbone: grey; bilin: purple) with a molecular dynamics-derived structure of a maquette helical bundle in cyan [11] accommodating Zn-chlorin (ZnC) (gold) and free-base bacteriochlorin (red) cofactors.
The maquette's four-a-helical sequences are joined by three short, glycine-rich loops (figure 1b). Alanine (Ala) can be replaced by a single histidine (His) on either the first or third helix of the maquette (positions 6 or 66 numbering from the N-terminus at the first helix) to ligate a ZnC. The sequence also includes a cysteine (Cys) placed in the loop joining the first and second maquette helices to covalently link a free-base bacteriochlorin through a maleimide linkage [3] . The point of fusion is shown at the C-terminus of the maquette. See the electronic supplementary material, figure S1, for full fusion sequences.
The pigments assigned to the slots in figure 1c have been selected as candidates for examination of their EET properties based on their characteristic visible absorption spectra. Selection is contingent on the cofactor demonstrating straightforward assembly with high binding affinity and singular specificity for assigned cofactor-binding slots without deleterious effects on the cofactor characteristics in other slots of the fused protein pair. Preliminary examination of individual cofactors in assigned slots was done as follows.
Slot A accommodates natural in vivo expression of PCB or the relatively blue-shifted PEB, both of which form a covalent thioether linkage to a specific Cys residue of CpcA. Both bilins make use of the biosynthetic and attachment machinery common to cyanobacteria and red algae imported into an E. coli expression system [23] . This includes haem oxygenase to cleave the haem macrocycle oxidatively to form biliverdin, as well as 3Z-phycocyanobilin-ferredoxin oxidoreductase (PcyA) or phycoerythrobilin synthase (PebS) for the respective production of PCB or PEB [24] [25] [26] . Although phycobilins can be non-specifically bound to apoproteins in vitro without catalytic assistance [27] [28] [29] , we have aimed to minimize uncertainties in binding positions through specific bilin attachment in vivo by co-expressing bilin lyase subunits CpcE and CpcF [30, 31] .
Slot B is designed to ligate Zn-tetrapyrroles via a single histidine positioned in the hydrophobic interior of the bundle to allow burial of the hydrophobic regions of ZnCs but to retain close proximity to the point of the maquettephycobiliprotein fusion. Both position 6, numbering from the amino end of the first helix, and position 66 in the third helix meet these criteria. In selecting the tetrapyrrole, established requirements for an amphipathic macrocycle were followed with the intent to achieve rapid assembly and high-affinity binding [10] . Zn-chlorophyllide a (ZnChlide) and synthetic ZnC [32] also satisfy these requirements.
Slot C is designed with an interior Cys for covalent attachment of a synthetic maleimide-functionalized bacteriochlorin BC1 [3, 32] . As shown in figure 1a, modelling establishes that the maquette can bury the bacteriochlorin in the hydrophobic interior when the maleimide linker attached to the Cys is fully extended. Covalent attachment was confirmed by rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20160896 mass spectrometry (see electronic supplementary material, figures S2 and S3).
When fully assembled, the UV and visible absorption bands of pigments in slots A, B and C cover much of the visible spectrum for light harvesting. Furthermore, the nanometre-scale, threedimensional spacing between pigments in the CpcA-maquette fusion is appropriate for Förster resonance energy transfer, while at the same time suppressing energy-consuming, excitedstate electron tunnelling between pigment cofactors [33]. [22] ) and a molecular dynamics-derived maquette helical bundle in cyan [11] . The figure identifies the point of fusion and the cofactors and the designed EET relay.
(b) Maquette sequence includes helix histidines for internal chlorin ligation and loop cysteine for a maleimide link to bacteriochlorin (bold letters H and C respectively). (c) Cartoon of CpcA and a maquette identifying the pigment cofactor-binding sites as 'slots', under which are listed the molecular structures of pigments assigned for binding to the slots. [23] . When excited at 540 nm, the fluorescence emission maximum is 565 nm (dashed magenta curve), again much like chromophorylated CpcA alone (light dashed curve). This confirms that fusion of CpcA to the maquette has not interfered with the native-like conformation of CpcA. Substituting plasmids for PCB synthesis generated deep-blue cell pellets, and the absorption maximum of the purified fusion protein was 625 nm (solid blue trace), essentially identical to the absorption spectrum of the native PCB-containing CpcA (light blue). When excited at 580 nm, the fluorescence emission maximum was 640 nm (dashed blue curve), again much like the native protein (light dashed curve). As determined by high-performance liquid chromatography (HPLC) (see electronic supplementary material, figure S4 ), upwards of 50% attachment of bilin to fusion protein can be achieved despite high expression yields. Covalent attachment of the bilin pigments was confirmed by UV illumination of sodium dodecyl sulfate (SDS) gel, where bilin fluorescence is seen even without added Zn, and by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) (see electronic supplementary material, figure S5 ). HPLC purification removed fusion protein without bound bilin before further spectroscopic characterization and EET demonstrations. It is well known that the absorbance and fluorescence properties of bilins bound to their natural biliproteins are very sensitive to structural perturbations. Demonstration that attaching a maquette of similar size to the natural biliprotein does not cause structural perturbations in CpcA was a key finding that made engineering EET from slot A to slots B and C possible. It also opens the door for forming a supramolecular assembly in the natural phycobilisome of cyanobacteria for novel in vivo photochemistry.
Characterization of maquette slot B chlorin
Pigment ligation to His in slot B is revealed by narrowing and red-shifting of visible absorption bands. ZnChlide binding to His 66 shifts the absorbance from 411 to 425 nm and from 661 nm to 669 nm (figure 3a). Singular value decomposition (SVD) analysis of binding titrations to an unfused four-helix bundle (figure 3b) and to the phycobilin-bound fusion protein (figure 3c) gives dissociation constants of 74 + 11 nM and 245 + 35 nM, respectively. Absorption profiles for the bound and unbound species match the reference spectra in figure 3a. His 66 was selected for EET studies because it binds ZnChlide more strongly than His 6 (data not shown).
The blue-shifted 555 nm absorption and 565 nm fluorescence emission maxima of bound PEB are more distant from the absorption bands of ZnChlide, hindering efficient EET. However, an amphiphilic synthetic chlorin (ZnC) with a hydrophobic phenylethynyl group and a polar carboxyphenyl group located on opposite sides of the macrocycle (figure 4a [34] ) has Q-band absorptions nearer the PEB emission and readily binds to maquettes. Figure 4b ,c shows binding-induced bandshifts from 421 to 424 nm and from 634 nm to 636 nm for the unfused maquette with a His at position 6, and to 426 and 638 nm for the corresponding fusion protein. Analogous shifts are seen in other maquette designs [10] . SVD analysis of binding titrations to the unfused four-helix bundle and to the bilin-bound fusion protein (figure 4b and c, respectively) provides nearly micromolar dissociation constants (1.6 + 0.2 and 1.0 + 0.1 mM). This binding and His ligation of ZnC in maquettes increases ZnC fluorescence by approximately 69% (see electronic supplementary material, figure S6), which makes it useful as an EET donor to BC1. In both the PCB-ZnChlide and PEB -ZnC pigment combinations, pigment binding to the fusion proteins is equimolar with no distortion of the independent pigment absorption profiles.
Tight binding affinities and lack of distortion of absorption profiles for slot B pigments when comparing unfused and fused maquettes indicates that the fused CpcA does not affect maquette function. These results set the stage for introduction of the slot C cofactor. shows absorbance band shifts of the free bacteriochlorin (BC1) upon hydrophobic burial, with a sharp increase in the extinction coefficient of the Q band at 713 nm. A similar spectrum is seen when this pigment is bound to the detergent-solubilized beta polypeptide of the natural antenna complex LH1 of Rhodobacter sphaeroides [35] . Maquette-bound BC1 spectra are the same with His at either position 6 or 66 (see electronic supplementary material, figure S7 ).
Upon adding an excess of ZnChlide to slot B of the PCB-BC1 fusion protein, followed by removal of unbound pigment to create a pigment triad, moderately well-separated absorption peaks of the individual pigments can be seen across the visible spectrum (figure 5b). Similarly, after creating a pigment triad by adding an excess of ZnC to the B slot of the PEB-BC1 fusion protein, followed by removal of unbound pigment, clearly resolved absorption peaks of the individual pigments can be seen across the visible spectrum (figure 5c). The independence of each pigment's absorption when other pigments are added is a crucial part of successful assembly of the fusion triad, freeing the stage for EET analysis.
Excitation-energy transfer in two-and threepigment assemblies
The fluorescence emission spectra of figure 6 show that pigment dyads and triads display EET between pigments in all three slots with a range of efficiencies. Figure 6a shows that, in unfused maquettes with only slots B and C occupied, ZnChlide emission is quenched upon binding of BC1 and that BC1 emission is greatly amplified when ZnChlide is bound. Direct EET is 75% in this pigment dyad. In the PCB fusion maquette of figure 6b, PCB fluorescence emission is quenched upon addition of either ZnChlide in slot B or BC1 in slot C, with the greatest quenching occurring when all three pigments are bound. About 33% of the energy is transferred from PCB to ZnChlide in this pigment dyad, approximately 55% in the PCB-BC1 Figure 6c shows the corresponding EET behaviour when pigments ZnC and BC1 fill slots B and C of the unfused maquette. At an equimolar equivalent of ZnC, BC1 emission upon excitation at 625 nm increases by 546%, while the ZnC emission decreases by 85%. Figure 6d shows nearly equal PEB emission quenching in the PEB fusion maquette upon the addition of either ZnC in slot B (approx. 48% EET) or BC1 in slot C (approx. 46% EET), with the greatest quenching occurring when all three slots are filled (approx. 73% EET).
This work demonstrates that the cofactor triad is readily assembled in the fused protein pair without significant inter-site interference providing effective EET communication from slot A to B, from slot A to C, and from slot B to C for both dyad and triad combinations.
Discussion
Excitation-energy transfer network geometry
Quantification of EET of the two types of fusion protein triads (figure 7) includes the quantum yield of fluorescence of phycobilin and chlorin pigments in the absence of other pigments, as calibrated by comparison with reference fluorophores. It also includes the efficiency of EET (h) between pigment pairs, based on the change in donor emission upon the addition of the second pigment, and the corresponding isotropic Förster energy transfer distance (R 0 ) between bilins and chlorins and between bilins and bacteriochlorin [36] . Pigment to pigment distances (r) are calculated using (h) and (R 0 ) and the fluorescence resonance energy transfer (FRET) formalism [36] . The fusion protein is likely to be highly flexible at the fusion linkage; simple rotation at this link shows that geometries consistent with these isotropic Förster distances are readily achieved.
The EET efficiencies of 33% and 48% between slots A and B for the PCB-ZnChlide and PEB-ZnC donor-acceptor pairs suggest that, in the absence of a unique orientation of pigment transition dipoles, the distance between pigments is similar, 48 + 4 Å . The analogous EET efficiencies of 55% and 46% for the PCB-BC1 and PEB-BC1 donor-acceptor pairs suggest distances between pigments of about 34.5 + 2.5 Å . The difference in the bilin-bacteriochlorophyll isotropic Förster distances suggests that there may be some constraint on the fusion protein orientation that modestly enhances PEB to BC1 EET. These bilin-to-bacteriochlorin EET values are comparable to those for a previous two-pigment phycobiliprotein-maquette fusion [21] . The flexibility expected from the linking amino acids at the site of fusion can accommodate these Förster distances with a relatively compact structure for the fusion protein (figure 7). Removing this flexible region by fusing a maquette to a truncated CpcA, in which 22 or 32 amino acids are removed from the N-terminus, leads to less efficient pairwise bilin EET, presumably by making it more difficult to achieve the compact geometry that brings the phycobilin closest to the other pigments (data not shown).
The 85% and 75% EET efficiencies for the ZnC -BC1 and ZnChlide -BC1 donor-acceptor pairs are comparable to those reported in modified natural LH1 antennas [35] and correspond to isotropic Fö rster distances of 33 and 21 Å , respectively. However, the donor cofactor is significantly constrained by the Zn -histidine ligation on binding, placing the tetrapyrrole plane between the long axes of the a-helices, and by the orientation of the hydrophilic tetrapyrrole substituents towards the aqueous exterior, as seen in X-ray crystal structures of Zn -tetrapyrrole binding maquettes [14] . The Q y transition dipole may adopt one of two perpendicular orientations depending on which face of the Zn-tetrapyrrole receives histidine ligation. For ZnC, orienting the polar carboxylic acid towards the aqueous surface leads to the two Q y transition orientations, making an angle of nearly 458 with respect to the long bundle axis. For ZnChlide orienting the polar carboxylic acid towards the aqueous surface, angles of nearly 258 and 658 result for the two Q y orientations. The BC1 acceptor orientation is constrained by hydrophobic forces that drive the bacteriochlorin and the linker to the loop cysteine into the helical bundle core between a-helices. The centre-to-centre distances between either chlorin and the bacteriochlorin are about 16 Å in the likely geometry with a mostly extended linker that places the Q y transition dipole of BC1 nearly perpendicular to the long axis of the bundle.
For such a 16 Å distance between donor and acceptor, the 85% EET efficiency between ZnC and BC1 gives a low Förster kappa squared value [36] rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20160896 the donor and acceptor are nearly parallel to one another, as would be expected if the widening of the inter-helix spacing to accommodate His ligation and binding of ZnC also facilitated insertion of the bacteriochlorin ring. Furthermore, the requirement of near orthogonality indicates that bound ZnC has one strongly preferred face for histidine ligation and that BC1 also has a preferred Q y orientation within the bundle, probably reflecting a preferred amino acid packing in the core around a non-planar bacteriochlorin macrocycle.
Extending the polar carbonyl on the fifth ring of ZnChlide towards the aqueous domain is likely to tilt the Q y transition of this chlorin by about 208 relative to the orientation of ZnC. Figure 7 . Fluorescence quantum yields (F F ) of individual pigments and EET efficiencies (h) and Förster radii (R 0 ) of pigment pairs in the two maquettes. Pigmentto-pigment distances (r) calculated from R 0 and h using FRET formalism [36] . A possible fusion protein geometry rotated about the point of fusion consistent with isotropic Förster distances (R 0 ) is shown. This is the same geometry as figure 1, viewed from a different perspective. Double arrows: possible transition dipole orientations consistent with bound cofactor amphiphilic character.
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If the BC1 assumes a similar binding orientation as with ZnC, then the ZnChlide -BC1 donor -acceptor transition dipoles will be considerably less orthogonal than for the ZnC -BC1 pair. This is borne out in the EET value of 75% and the corresponding kappa squared value of 0.33, which indicates a roughly 658 angle between the transition dipoles. This is consistent with the ZnChlide macrocycle also assuming an orientation approximately parallel to the BC1 with a strong preference for His ligation to one face of the chlorin. The EET efficiency from the bilin to the other two pigments in the fusion protein pigment triads (h ABC ) can be estimated independently from the pairwise EET values, h AB and h AC , as follows:
The calculated values of 63% and 64% for the PCBZnChlide-BC1 and PEB-ZnC-BC1 triads compare with observed values of 82% and 73%, respectively. The observed values of 82% and 73% are notably larger than the calculated values of 63% and 64% for the PCB-ZnChlide-BC1 and PEBZnC-BC1 triads. An increase in EET efficiency is expected if the fusion protein assumes a small range of compact geometries, in which geometries that place the bilin further from the chlorin, leading to a decrease in EET, are compensated for by placing the bilin closer to the bacteriochlorin, causing an increase in this EET.
Three-pigment excitation-energy transfer relay
Excitation spectra (figure 8b) monitoring the lowest energy emission from bacteriochlorin BC1 provide clear evidence of the supporting role of the slot B pigment in EET from bilins in slot A to BC1 in slot C. When loaded with all three phycobilin, chlorin and bacteriochlorin pigments, the fusion maquettes gain substantial absorption across much of the visible spectrum. Nevertheless, the spectral absorption peaks of individual pigments are relatively well resolved (figure 8a). By monitoring the BC1 emission at 720 nm as a function of the excitation wavelength, the contribution of each pigment to EET and the final emission by BC1 are readily determined. The PEB -BC1 pigment dyad (brown) reveals the contribution of the PEB absorption peak near 555 nm to BC1 emission. Adding chlorin ZnC to slot B (blue) adds to BC1 emission absorption by the chlorin near 640 nm.
Critical evidence of the relay effect of EET from PEB to ZnC to BC1 is seen at the 555 nm absorption band of PEB (figure 8b) where ZnC has virtually no absorbance (figure 4). The cross section of light absorption resulting in BC1 emission doubles when ZnC is bound. If there were no relay, this cross section would drop instead, because EET to ZnC would rob energy otherwise flowing to BC1. The doubling shows that indirect relay EET via ZnC is just as effective as direct EET from PEB to BC1. In a construct in which PEB was held distant from BC1, we expect this relay enhancement will be greater than a factor of 2, although overall energy transfer efficiency would suffer. Analogous EET relay behaviour takes place when ZnChlide is added to slot B of a PCB-BC1 fusion protein; however, the broad spectral emission of PCB itself overlaps with BC1 emission and makes separation of component contributions to EET difficult.
Conclusion
The experiments and analyses reported here demonstrate successful expression of single hybrid proteins comprising natural and designed synthetic components that reproduce fundamental elements of the initial events of light capture and excitation transfer, processes that are well known in natural photosynthetic organisms. It has been well said that successful engineering of solar-driven catalytic systems for the benefit of mankind must address stability, ease of synthesis and regeneration of degraded components [37] . While there is much work needed to bring these and other engineering components together to fulfil this ambition, the demonstrated viability of fusing natural and synthetic proteins for multi-step EET is a significant step towards meeting these engineering requirements.
Over the past two decades the maquette approach has accumulated a wealth of design, assembly and functional engineering tools applicable in selecting maquette scaffolds optimized to provide protective, thermally stable environments for varied light-absorbing pigments inside or outside the cell [9, 10] . Cellular expression of maquettes, whether structurally and functionally integrated together with or separate from natural proteins, provides an inexpensive, facile and highly adaptable means of synthesizing complex protein architectures. The adjustable distances and angles selected between cofactors to promote and optimize EET or electron transfer are effectively achieved by positioning ligating amino acids within the maquette framework. Furthermore, unlike chemically synthesized arrays, regeneration of degraded components can occur continuously in cellular expression systems. The challenge now in the pursuit to realize synthetic photosystems working in cells is to learn to adjust the amino acid environments of the maquette tetrapyrrole binding sites to favour site-specific binding of naturally available or genetically introduced tetrapyrrole ( porphyrin, chlorin and bacteriochlorin) cofactors. In vivo bis-His ligation of haems with natural electron-transfer activity in maquettes has already been established [8, 9] . There are signs, too, that chlorins naturally synthesized in Synechocystis sp. PCC 6803 spontaneously bind during maquette expression. We have also found that, with the help of bilin synthases and lyases, E. coli can attach phycobilins onto cysteines appropriately positioned within the maquette four-helix bundle themselves during expression in a manner similar to that during the biosynthesis of natural phycobiliproteins.
Material and methods
Gene construction
The maquette sequence with an amino terminal octa-His tag (electronic supplementary material, figure S8 ) was contained on a PJET expression plasmid (DNA 2.0). This plasmid was linearized by PCR at the 3 0 end of the maquette gene. The gene for CpcA from Synechocystis sp. PCC 6803 was amplified from plasmid BS414v [23, 38] by polymerase chain reaction (PCR). Primers used for amplification of cpcA (electronic supplementary material, figure S8 and table T1) had homologous sequences to the 3 0 end of the maquette gene added to the 5 0 end of the primers. The cpcA gene and linearized maquette vector were assembled using Gibson Assembly [39] with components provided by New England Biolabs, to create the maquette-cpcA gene fusion. Unneeded histidine residues in the helices were removed using a point mutation protocol (Stratagene Quick Change) to leave a single His ZnC ligation site on either helix 1 or 3. Sequences were verified at the DNA sequencing core facility at the University of Pennsylvania, PA, USA. Fusion constructs were transformed into E. coli BL21DE3 strains containing plasmids with haem oxygenase genes (for biliverdin production), bilin lyase subunits CpcE and CpcF, and phycoerythrobilin synthase ( pebS) for production of phycoerythrobilin [23] . Alternatively, for the production of phycocyanobilin, pebS was inactivated by a three amino acid deletion near the bilin-binding Cys, and a second plasmid containing the 3Z-phycocyanobilinferredoxin oxidoreductase gene (pcyA) was co-expressed (electronic supplementary material, figure S9).
Protein purification
Cultures (2 l) were grown with shaking at 205 r.p.m. in a New Brunswick Innova 4230 Refrigerated Benchtop Incubator Shaker at 378C in Terrific Broth [40] to an OD 600 between 0.8 and 1, then induced with 1 mM isopropyl-thiogalactopyranoside (IPTG) for 20 h at 208C. Cell pellets were suspended in 300 mM NaCl, 20 mM imidazole, 50 mM NaH 2 PO 4 pH 8 buffer, homogenized and lysed by sonication using a microtip probe. Cell debris was then pelleted by centrifugation for 20 min at 25 000g. The supernatant was added to Ni-NTA Superflow resin (Qiagen) on an Akta fast protein liquid chromatograph (FPLC) washed with five volumes of suspension buffer and eluted with 500 mM imidazole. Phycobilin-bound and bilin-free fusion proteins were separated before His-tag removal using a C4 reversed phase column. A 100 ml wash of 20% acetonitrile (ACN), 80% water, 0.1% trifluoroacetic acid (TFA), pH 2, was followed by a 500 ml gradient from 47% ACN to 55% ACN. The His-tag was removed following buffer exchange with a PD-10 desalting column (GE Health Care) into 100 mM NaCl, 50 mM Tris pH 8 by overnight TEV protease cleavage including 14 mM bmercaptoethanol (BME). A second Ni-NTA purification step removed cleavage fragments and undigested protein. Final purification used a 500 ml HPLC gradient from 20% to 80% ACN on a C18 column. Chromatogram and MALDI-MS verification of mass can be seen in the electronic supplementary material (figure S3).
Confirmation of covalent bilin binding
Covalent attachment of the bilin was verified by fluorescence after denaturing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a UVP TMW-20 gel transilluminator on the UV setting prior to Coomassie-blue staining using ThermoFisher SimplyBlue TM SafeStain to visualize all proteins. Proteins were dissolved in three parts MilliQ water to one part NuPAGE LDS buffer, denatured for 10 min at 708C, and applied onto a SDS-PAGE gel (Invitrogen Novex NuPAGE electrophoresis system; 4 -12% bis-Tris gels, MES running buffer). More precise masses before and after bilin ligation were obtained using MALDI-MS. Lyophilized samples were solubilized in 60% ACN/40% water, pH 2, with a saturated sinapinic acid matrix and applied to a MALDI-MS plate for analysis.
Bacteriochlorin attachment
The synthesis of free-base maleimide-functionalized bacteriochlorin (BC1) has been described [3] . For pigment coupling, 0.1 mmol lyophilized protein was incubated in 1 ml of 6 M guanidinium-HCl, 20 mM Tris pH 7.3, 14 mM B for 1 h at room temperature followed by PD-10 buffer exchange into phosphate buffered saline (PBS; 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, and 137 mM NaCl, pH 7.4) and deoxygenated by purging with argon for 20 min. BC1 was added in 10-fold molar excess along with N,Ndimethylformamide to 33% for overnight reaction. The pH was adjusted to 2.0 with 10% TFA with ACN added to 20% before HPLC purification. The PEB fusion protein used a 500 ml 40% to 80% ACN gradient on a C18 column, while both the PCB fusion and free maquette proteins used a 500 ml 30% to 70% ACN gradient.
Folding and concentration determination
Refolding of the CpcA fusion proteins used successive dilution of urea [41] followed by a buffer exchange using a PD-10 size exclusion column (GE Healthcare). Non-fusion maquettes were solubilized without urea directly from lyophilized powder into PBS pH 7.4. Q-band extinction coefficient (1) values of fusion-PEB and fusion-PCB were calibrated by using established phycobilin extinction coefficients in denaturing acidic urea of 33.2 mM 21 cm 21 at 662 nm for PCB [42] and 53.7 mM 21 cm 21 at 550 nm for PEB [43] . After folding the 1 was 105 mM 21 cm
21
at 625 nm for PCB and 139 mM 21 cm 21 at 555 nm for PEB. Fusion proteins used for determining Q-band 1 when folded were purified via HPLC to obtain 100% chromophorylated fusion.
Chlorin binding
The synthesis of amphiphilic chlorin ZnC has been described [32] . ZnChlide was prepared by Zn addition to pheophorbide a (Frontier Scientific) as described [44] . Dimethyl sulfoxide (DMSO)-solubilized ZnChlide stock concentrations were determined by dilution into methanol using an extinction coefficient of 64 000 M 21 cm 21 at 656 nm [45] . Binding affinities of ZnC and ZnChlide to the His site of slot B were measured by room temperature titrations, adding aliquots of 1 -2 mM pigment stock solutions in DMSO to a few micromolar protein solutions at molar equivalents from 0.1 to 4. Conspicuous visible region absorbance bandshifts for the bound and unbound pigments were analysed by SVD to determine stoichiometry and dissociation constants, as described [10] . For fluorescence emission and excitation, chlorins were incubated at twofold molar excess for 30 min before PD-10 column removal of excess pigment.
Spectroscopy
UV/visible and fluorescence spectroscopy of proteins in PBS were taken on a Varian Cary-50 spectrophotometer. Fluorescence emission and excitation spectra of solutions purged with argon were recorded on a Horiba Fluorolog 2 at 208C. The quantum yield of bilin emission was determined by comparing integrated emission spectra with the 0.54 yield of cresyl violet perchlorate in methanol [46] . The quantum yield of fluorescence of ZnChlide was determined by comparing the integrated emission spectra with the 0.016 yield of ZnChlide in 10% water to ethanol (V/ V) [45] . The isotropic Fö rster radius estimates for EET between pigment pairs were calculated with a FRET formalism [36] using pigment extinction coefficients determined in this work; the isotropic Fö rster radius used a kappa squared value of 0.67.
